Abstract. Over the last decades, power disturbances have become an important factor on the increase throughout electrical networks, which can exert an important influence over power quality ratios. Amongst them, it is worth mentioning ferroresonance, which is a special case of resonance involving non-linear inductances that mainly affects the functionality of transformers. Its effects are characterized by high sustained overvoltages and overcurrents with maintained levels of current and voltage waveform distortion, producing extremely dangerous consequences. The first step against ferroresonance is always to prevent it from appearing, so it is important to identify those electrical configurations prone to the appearance of the phenomenon. Therefore, this paper analyzes different ferroresonant configurations that may take place in power systems, highlighting some of the most relevant aspects of each configuration.
Introduction
Ferroresonance is a special case of disturbance that involves high levels of overvoltage and overcurrents distortion. In general, the word "ferroresonance" includes all the oscillatory phenomena that take place in an electric circuit comprising, at the least, a nonlinear inductance, a capacitance, a voltage source and low losses. The appearance of the ferroresonant phenomenon provokes important oscillations that may lead to catastrophic failures in the electrical power system. Furthermore, considering the large number of factors that may exert influence over its appearance, most of them hardly quantifiable, its consequences have a higher degree of severity. Consequently, although it has been a widely analysed phenomenon over the last century, it is currently a problem of the utmost importance in many electrical facilities.
In the last 25 years, the interest in this phenomenon has undergone an important increase in the field of research in electrical engineering. The constant evolution of electrical power systems has given rise to a significant increase in the amount of failures caused by ferroresonance. These failures have their origin in different causes, amongst which should be included the increased use of underground cables in primary circuits, single-phase operations, low-loss transformers, etc. [1] .
The practical measures that can be taken in order to mitigate the ferroresonance are mainly based on specific solutions adapted for each foreseeable situation. Although there are several techniques for damping the ferroresonance oscillations [2] , the first step against ferroresonance is always to prevent it from appearing, so it is important to identify those electrical configurations prone to the appearance of the phenomenon. This paper analyzes each of these ferroresonant configurations, highlighting their special characteristics.
Theoretical principles of ferroresonance

A. The ferroresonant circuit
The ferroresonance phenomenon is associated with the coexistence, in the same electric circuit, of a non-linear inductance and a capacitor or capacitive load, connected either in series or parallel.
The effect of a nonlinear inductance is mainly found in both power and voltage transformers. Moreover, the capacitive effect necessary for the ferroresonance phenomenon can be provided by many elements. Some of the most common are: underground cables, overhead conductors, shunt capacitors, capacitive coupling of double circuit lines, transformer stray capacitance and grading capacitance of circuit breakers.
In addition, the presence of low-loss systems (i.e. lowresistive systems) increase the risk of ferroresonance appearance. If system losses are considerable, the energy supplied by the source may not be sufficient to sustain the ferroresonance. Some of the typical cases of low-loss systems are low-loss transformers' design, no-load or lowload transformers (e.g. voltage transformers) or transformers connected to low-loss circuits.
A combination of some of these elements and/or situations may provide the conditions for a ferroresonant circuit. Consequently, although this phenomenon is more frequent in distribution networks, due to the non-linear behaviour of transformers and the capacitance of the underground cables, it may also appear in high voltage networks.
B. The ferroresonant phenomenon
This phenomenon is characterised by showing at least two stable steady-state responses for a particular range of circuit parameters: a ferroresonant one and a normal operation one (non-ferroresonant). Furthermore, considering the dynamic characteristics of this nonlinear disturbance, the abovementioned ferroresonant response can be classified into four groups, according to the frequency content of the oscillation [3] :
• Fundamental mode: periodic oscillations at the fundamental frequency of the power system. • Subharmonic mode: periodic oscillations at submultiple values of the fundamental frequency.
• Quasi-periodic mode: non-periodic oscillations with a discontinuous frequency spectrum.
• Chaotic mode: non-periodic chaotic oscillations with a continuous frequency spectrum.
The jump from one stable steady-state response to another one is highly dependent on the initial conditions of the system. As a result, a little variation in the transient state or in some of the parameters of the network may be the trigger that causes a sudden jump between two possible responses, leading to the appearance of one of the four ferroresonant modes previously mentioned. This way, the events that usually cause these kinds of variations can be classified as being in one of two main groups:
• Transient disturbances such as overvoltages, lightning, electrical faults or insulation failures.
• Switching operations in different elements of the power system, including transformers, capacitor banks, loads, etc.
These transient events may give rise to a ferroresonant oscillation, depending on the situation of the power system just before the ferroresonance starts. Among the aspects that have influence over this situation, it is worth mentioning the following ones:
• Power network characteristics: frequency and voltage levels, shortcircuit power, system grounding, etc.
• Properties of the voltage transformer's magnetic core, especially those related to the saturation characteristic, hysteresis loop and eddy currents losses.
• Possible residual fluxes in the voltage transformer's magnetic core. • Circuit's capacitance.
• Value of the voltage wave, in the instant of the transient disturbance or when the switching operation takes place.
Due to the difficulty in controlling and quantifying each and every one of these factors, ferroresonance is frequently regarded as an unpredictable or random phenomenon. Nevertheless, it can be characterised by certain aspects that are usually dangerous for people, as well as for the electrical equipment. Some of the symptoms that may give an idea about the ongoing ferroresonance are [4] [5] :
• Overvoltages and overcurrents with high levels of harmonics.
• Sustained levels of distortion.
• Loud noise (magnetostriction).
• Misoperation of protective devices.
• Overheating.
• Electrical equipment damage.
• Insulation breakdown.
• Flicker.
Ferroresonant Configurations in Power Systems
There are several electric configurations that can lead to ferroresonant circuits in power systems. In 2003 D.A.N. Jacobson [6] identified seven different classes or categories of electrical systems prone to ferroresonance appearance. This section analyses each of these seven classes of ferroresonant systems. At the end, an eighth one has been included, regarding inductive grounded systems.
A. Voltage transformer energized through the grading capacitance of open circuit breakers
This is a typical case of high voltage systems where a circuit breaker is connected in series with an open circuit, having a phase-to-ground voltage transformer installed (Figure 1 ) Opening the circuit breaker, phase-to-ground capacitance is discharged through the voltage transformer that is driven into saturation, provoking the ferroresonant oscillations. These oscillations are maintained by the energy supplied by the source through the circuit breaker grading capacitances [7] [8] [9] [10] [11] [12] .
The ferroresonant mode is generally fundamental or subharmonic [8, 12] , and its overvoltage can reach values higher than 4 p.u. (peak value).
B. Voltage transformer connected to an ungrounded neutral system
When phase-to-ground voltage transformers are connected to an ungrounded neutral system, a ferroresonant circuit is formed between the nonlinear inductance of the voltage transformer and the phase-to-ground capacitance ( Figure  2 ) [4, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . This is a typical situation in ungrounded distribution systems with phase-to-ground fault detection protective devices. These protection systems require the presence of one phase-to-ground voltage transformer in each one of the three phases. The transformer primary windings are wyeground connected. The measure windings are ungrounded wye and the protective windings are open-delta connected, so the delta voltage is used to relay operation or to detect a phase-to-ground fault [4, [15] [16] 19] .
Transient overvoltages or overcurrents due to switching operations or fault situations can initiate the ferroresonance phenomenon in one of the transformers. Values of ferroresonant overvoltages may exceed the normal phase-to-phase voltage.
Under these situations, the protective devices associated with these voltage transformers can identify the disturbance as an earth fault, causing undesired misoperations [15, 16] .
The ferroresonant mode is usually fundamental, subharmonic or quasi-periodic.
C. Capacitor voltage transformer
The special design of capacitor voltage transformers (CVT) (Figure 3 ) makes them particularly prone to the ferroresonance, so they often present a ferroresonant suppression circuit. This circuit should not affect either the transient response or the accuracy of the transformer, only limiting the duration of the ferroresonant oscillations [21, [23] [24] [25] [26] [27] . Nowadays, there are mainly two types of ferroresonance suppression circuits in CVTs: Active Ferroresonance Suppression Circuits (AFSC) and Passive Ferroresonance Suppression Circuits (PFSC).
• AFSC: Its design is based on a series-parallel RLC filter.
• PFSC: Its design is based on a saturable inductor in series with a damping resistance.
AFSC are more effective in damping the ferroresonant oscillations than PFSC, although its influence on the transient response of the transformer is higher. Both systems usually incorporate surge protection devices.
In recent years, CVT Technology is being used in power substation design instead of traditional power transformers, in order to reduce the voltage level at some point of the line (e.g. rural power networks) [28] . This technique involves considerable cost savings compared to conventional alternatives, but its main drawback is related to being susceptible to ferroresonance [29] [30] .
D. Power transformer supplied accidentally on one or two phases
This type of electrical configuration is common in grounded-wye distribution systems (more specifically in rural systems) that feed three-phase power transformers under no-load or light-load conditions. The ferroresonance phenomenon appears after some type of disturbance or switching operation that provokes the power transformer of the installation to be fed on one or two phases (e.g. unipolar switchings, protection systems based on fuses, broken phase conductor,…) [13, [31] [32] [33] [34] [35] [36] [37] [38] If the primary winding of the power transformer is ungrounded, the ferroresonant circuit is created through the phase-to ground capacitance(s) of the open phase(s) (Figures 4 and 5 ) Fig. 4 . Ferroresonant circuit in a transformer with delta primary connection [3] . On the contrary, if the primary winding of the transformer is grounded, the ferroresonant circuit is created through the phase-to-phase capacitances ( Figure 6 ). Fig. 6 . Ferroresonant circuit in a transformer with grounded-wye primary connection [3] .
If capacitances and primary windings have both the same ground connection (both ungrounded or both ground connected) the ferroresonant circuit does not appear.
In general, the ferroresonant mode is fundamental, subharmonic or chaotic.
E. Power transformer supplied through a long transmission line cable with low short-circuit power
Power transformers, under no-load or light-load conditions, are prone to be driven into ferroresonance when energized through a capacitive connection (long overhead lines or underground lines) by a source with a short-circuit power significantly lower than the transformer rated power [39] [40] [41] [42] .
This type of configuration is common in medium voltage networks (public, urban or industrial networks), after service restoration operations. It is also common in public medium voltage networks of significant length or an important ratio of underground cable.
Under these conditions, a parallel ferroresonant circuit is established between the line's capacitance and the transformer's magnetizing inductance. In these cases, ferroresonance is usually fundamental or quasi-periodic [3] .
F. Power transformer connected to a series compensated transmission line
Series compensation systems counteract the impedance of transmission lines, reducing voltage variation and increasing the power transfer capability. Furthermore, the dynamic stability of the transmission grid is increased and the load between parallel transmission lines is balanced. Fig. 7 Representative circuit of a series compensation in a distribution network [44] .
The installation of capacitor banks in series-compensated transmission lines, along with the transformers of these lines, can induce the establishment of a ferroresonant circuit (Figure 7) . The ferroresonant mode is generally fundamental or subharmonic [43] [44] [45] [46] .
G. Power transformer connected to a de-energized transmission line running in parallel with energized line(s)
It is possible to find ferroresonance cases in power transformers connected to de-energized transmission lines of considerable length, which run parallel to another energized line. Under these conditions, the capacitive coupling between both lines can drive the power transformer into ferroresonance [13, [47] [48] [49] [50] [51] .
According to [50] , the transmission lines must be high voltage lines (above 115 kV), which run at least 10 or 20 km in parallel.
The ferroresonant mode is generally fundamental or subharmonic (order 3) [49] , and it depends largely on the length of transmission lines, being the subharmonic mode more common for lengths over 150 km [48] .
H. Inductive neutral networks
Ferroresonance appearance may occur when a neutral system is connected to ground through an inductive impedance. Consequently, the ferroresonant circuit is formed between the ground-connected reactor and the phase-to-ground capacitances of the network (Figure 8 ). In medium voltage networks, one of these neutral systems (Petersen coil) is used to limit ground fault currents and get the fault self-extinguishing. The ferroresonance appears after some type of disturbance that can drive the coil into saturation.
Measures against ferroresonance
If the establishment of the ferroresonant circuit cannot be avoided, it is necessary to take some preventive measures that make it possible for this phenomenon to be damped. These measures basically consist of introducing some losses in the system, in order to make the energy supplied by the power source insufficient to maintain this phenomenon.
The most typical damping circuit consists on the permanent inclusion of a simple resistor in the transformer's secondary winding. A more advanced solution than the previous one consists of designing a damping circuit formed by a resistor connected in series with an LC filter or a saturable inductor [20, 52] .
If the introduction of these losses is permanent, they may affect the efficiency of the installation in a considerable way, even provoking thermal failures under unbalanced situations. On the contrary, if the introduction of these losses were temporary, some sort of ferroresonance detection device would be necessary. Nowadays, the current development level of these kinds of detection systems is quite limited, although during the last years, the production of detection techniques and devices has started to be increased [2] .
Conclusion
Ferroresonance has been one of the most analyzed disturbances over the last years. Its consequences can be catastrophic for the electrical equipment and installations. Although there exist measures against this phenomenon, the first step is always to prevent it from happening, so it becomes necessary to know which are the situations prone to ferroresonance. This paper has presented the most common ferroresonant configurations in power systems.
